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It all began at the 1968
ICHEP 1n Vienna.
Panofsky reported on
the first DIS results
from SLAC which
Bjorken had clarified
usmg scahng arguments
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vW,(Q?,v) vs energy loss v
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 The discovery that the DIS structure function

B(Q )~ B 0

“SCALED?” ie just depended on the ratio
Q2
2
2Muv 2)
independently of Q* (~ 1/7%)

as originally suggested by Bjorken Phys. Rev. 179, 1547 (1969)

(/' Led to the concept of a proton composed of point-like

2
partons. Phys.Rev. 185, 1975 (1969) v 2
2Mx

i J—

O The probability for a parton to carry a fraction x
of the proton’s momentum is measured by FQ( )
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Bj-prediction 1971 CCR discovery 1972

Secondary Particie Distributions
For B, m.* 90° pp Collision At 5=B00 Gev?
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Why were some people studying “high
pr physics in the 1960°s?
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Why were some people studying “high
pr physics in the 1960°s?

They were searching for the W boson.
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The first opportunity to study weak interactions at high energy was

provided by the development of neutrino beams at the new
accelerators 1n the early 1960’s CERN-SpS , BNL-AGS.
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* However, 1t was soon recognized that the 1ntermed1ate (weak) boson
W=, might be more favorably produced in nucleon-nucleon collisions.
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MUON-PROTON ELASTIC SCATTERING AT HIGH MOMENTUM TRANSFERS *

R. Cool, A. Maschke
Brookhaven National Laboratory, USA
L. Lederman, M. Tannenbaum

Columbia University, USA

R. Ellsworth, A. Melissinos,

J. Tinlot, T. Yamanouchi

University of Rochester, USA
(Presented by J. TINLOT)

We have studied the elastic scattering
of negative muons from liquid hydrogen at mo-
mentum transfers of 550 MeV /c to 1050 MeV/c
(g% = 7 to 26 fermi~?), using a detecting array
of spark chambers and scintillation counters.
The experiment was performed at the AGS acce-
lerator of the Brookhaven National Laboratory,
and the runs were divided into three stages,
as shown below:

of the proton in an aluminum plate spark cham-
ber. One also measures the directions of the

recoil proton and the recoil muon. This is’

equivalent to measuring three independent
angles, from which one can infer for each event
the value of %, and still overdetermine the scat-
tering event by two degrees of freedom. This
redundancy is used to select true scattering
events from the bhackground of false events,

such as random coincidences, inelastic, u — p

SNMEKTPOMATHUTHEIE B3AMMOIEHCTBHA

It appears .that, within the uncertainties
of these preliminary results, the muon scatte-
ring cross section for momentum transfers
of up to 1 Gev/c is correctly described by 'the
Rosenbluth formula and the e—p form factors.
It is still too early to attempt a more quanti-
tative definition of the possible deviation from
the electron predictions.

JUCKYCCHA DISCUSSION

A. Zichichi.

I would like to ask Dr. Tinlot what is the accuracy
of the measured cross section at 1 GeV/e momentum
transfer.

J, Tinlot.

The accuracy of the highest point (statistical error .
only), at 1.05 GeV/e, is 25%; at 950 MeV/c, the error

in the point is about 15%.
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We have studied the elastic scattering
of negative muons from liquid hydrogen at mo-
mentum transfers of 550 MeV /c to 1050 MeV/c
(g% = 7 to 26 fermi~?), using a detecting array
of spark chambers and scintillation counters.
The experiment was performed at the AGS acce-
lerator of the Brookhaven National Laboratory,
and the runs were divided into three stages,

of the proton in an aluminum plate spark cham-
ber. One also measures the directions of the

recoil proton and the recoil muon. This is’

equivalent to measuring three independent
angles, from which one can infer for each event
the value of %, and still overdetermine the scat-
tering event by two degrees of freedom. This
redundancy is used to select true scattering

AUCKYCCHA

A . Zichichi

In connection with the problem of observing the
production of intermediate bosons, I would like to
mention that we have been studying at CERN two
schemes:

) pgp—o> W W-
| e v, [ —-pTE, T,

s Py,

_DISCUSSION

This process is described by the following Feynman
diagram

B it SN W
p/ N

Notice that this process is proportional to «? where
a is the electromagnetic coupling constant.

2) The second proposal studied would use the
internal target of the proton synchrotron with 102
protons per pulse incident onto the target. The pro-
cess would be p + % — W£ -+ anything. We wo-

uld observe the p'sfrom W-decays. By measuring the

angular and momentum distribution at large angles
of K and m’s, we can predict the corresponding p-
spectrum. We then see if the p’s found at large angles
agree with or exceed the expected number. A sup-
plementary check can be made by measuring the
polarization of these p’s. The polarization indicates
the origin of these p’s. Notice that the cross section

for this process goes with /g, where g is the f-decay
coupling constant.

B. Pontecorvo

I would like to use the fact that you are all tired
in order to make a remark of linguistic rather than
sicentific character. All the speakers used as nota-
tions for neutral leptons the letters v, and w,. This
seems to be a very convenient notation. On the other
hand, the terms which are usually used for npeutral
leptons-electron and muon neutrinos (and even «ele-
ctron and muon type of neutrinol»), are too cumber-
some. True, sometimes for v, the word «neutrino»
is used and for v, the word «neutrettor. The last
term, however, is not very satisfactory since the last
thirty years lost of particle including strong inte-
racting particles had Eeen called that way. In addi-
tion, it seems to me that both types of neutral lep-
tons should conserve in their «name» the root «neu-
trino», which is widely associated with the unique

3% 36
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We have studied the elastic scattering
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(g% = 7 to 26 fermi~?), using a detecting array
of spark chambers and scintillation counters.
The experiment was performed at the AGS acce-
lerator of the Brookhaven National Laboratory,
and the runs were divided into three stages,

of the proton in an aluminum plate spark cham-
ber. One also measures the directions of the

recoil proton and the recoil muon. This is’

equivalent to measuring three independent
angles, from which one can infer for each event
the value of %, and still overdetermine the scat-
tering event by two degrees of freedom. This
redundancy is used to select true scattering

UAI1,UA2, CERN 1983
W boson discovery

L 593 event candidates

AUCKYCCHA _DISCUSSION

A . Zichichi

In connection with the problem of observing the
production of intermediate bosons, I would like to
mention that we have been studying at CERN two
schemes:

) pgp—o> W W-
e v, [ —-pd, eF,
——— p Yy

This process is described by the following Feynman
diagram

B it SN W
p/ N

Notice that this process is proportional to «? where
a is the electromagnetic coupling constant.

angular and momentum distribution at large angles
of K and m’s, we can predict the corresponding p-
spectrum. We then see if the p’s found at large angles
agree with or exceed the expected number. A sup-
plementary check can be made by measuring the
polarization of these p’s. The polarization indicates
the origin of these p’s. Notice that the cross section

for this process goes with /g, where g is the f-decay
coupling constant.

B. Pontecorvo

I would like to use the fact that you are all tired
in order to make a remark of linguistic rather than
sicentific character. All the speakers used as nota-
tions for neutral leptons the letters v, and w,. This
seems to be a very convenient notation. On the other
hand, the terms which are usually used for npeutral
leptons-electron and muon neutrinos (and even «ele-
ctron and muon type of neutrinol»), are too cumber-
some. True, sometimes for v, the word «neutrino»
is used and for v, the word «neutrettor. The last

Events per 2 GeV/c
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. 2) The second proposal studied would use ”}g term, however, is not very satisfactory since the last i i

internal target of the proton synchrotron with 10**  thirt} vears lost of particle including strong inte- N , AN .

protons per pulse incident onto the target. The pro-  racting particles had been called that way. In addi- % 2 o 2 =
p + ’ tion, it seems to me that both types of neutral lep-
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Saxn T bE s n — W=+ anything. We wo tons should conserve in their «name» the root «neu- pf. (GeV/c)

uld observe the p'sfrom W-decays. By measuring the

trino», which is widely associated with the unique
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This process is described by the following Feynman
diagram

B it SN W
p/ \W-

Notice that this process is proportional to «? where
@ is the electromagnetic coupling constant.
2) The second proposal studied would use the

the origin of these p’s. Notice that the cross section

for this process goes with /g, where g is the f-decay
coupling constant.

B. Pontecorvo

I would like to use the fact that you are all tired
in order to make a remark of linguistic rather than
sicentific character. All the speakers used as nota-
tions for neutral leptons the letters v, and w,. This
seems to be a very convenient notation. On the other
hand, the terms which are usually used for neutral
leptons-electron and muon neutrinos (and even «ele-
ctron and muon type of neutrinol»), are too cumber-
some. True, sometimes for v, the word «neutrino»
is used and for v, the word «neutretto». The last
term, however, is not very satisfactory since the last
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We have studied the elastic scattering
of negative muons from liquid hydrogen at mo-
mentum transfers of 550 MeV /c 1o 1050 MeV/c
(g% = 7 to 26 fermi~?), using a detecting array
of spark chambers and scintillation counters.
The experiment was performed at the AGS acce-
lerator of the Brookhaven National Laboratory,
and the runs were divided into three stages,

J. TINLOT)

of the proton in an aluminum plate spark cham-
ber. One also measures the directions of the

recoil proton and the recoil muon. This is’

equivalent to measuring three independent
angles, from which one can infer for each event
the value of %, and still overdetermine the scat-
tering event by two degrees of freedom. This
redundancy is used to select true scattering

AUCKYCCHA

A . Zichichi

In connection with the problem of observing the
production of intermediate bosons, I would like to
mention that we have been studying at CERN two
schemes:

) pgp—o> W W-
e,

——— WYy

'DISCUSSION

—p¥E, eF,

This process is described by the following Feynman
diagram

B it SN W
p/ L

Notice that this process is proportional to «? where
@ is the electromagnetic coupling constant.

~2) The second proposal studied would use the
internal target of the proton synchrotron with 1012
protons per pulse incident onto the target. The pro-

cess would be p + % > Wk -+ anything. We wo-
uld observe the p's from W-decays. By measuring the
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angular and momentum distribution at large angles |
of K and m’s, we can predict the corresponding p-
spectrum. We then see if the p’s found at large angles
agree with or exceed the expected number. A sup-
plementary check can be made by measuring the
polarization of these p’s. The polarization indicates
the origin of these p’s. Notice that the cross section
for this process goes with /g, where g is the f-decay
coupling constant.
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I would like to use the fact that you are all tired
in order to make a remark of linguistic rather than
sicentific character. All the speakers used as nota-
tions for neutral leptons the letters v, and w,. This
seems to be a very convenient notation. On the other
hand, the terms which are usually used for neutral
leptons-electron and muon neutrinos (and even «ele-
ctron and muon type of neutrinol»), are too cumber-
some. True, sometimes for v, the word «neutrino»
is used and for v, the word «neutretto». The last
term, however, is not very satisfactory since the last
thirty years lost of particle including strong inte-
racting particles had been called that way. In addi-
tion, it seems to me that both types of neutral lep-
tons should conserve in their «name: the root «neu-
trino», which is widely associated with the unique
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* 1965-1969 Beam dump experiments at ANL-ZGS and BNL-AGS

looking for “large angle” muons didn’t find any. [ZGS-Lamb, et al PRL 15,
800 (1965), AGS-Burns, et al, ibid 830, AGS-Wanderer et al, PRL 23,729(1969)]

« How do you know how many W should have been produced?

 Chilton, Saperstein, Shrauner [PR148, 1380 (1966)] emphasize the
importance of the timelike form factor, which is solved by

Y. Yamaguchi [Nuovo Cimento 43, 193 (1966)] Timelike form factor can
be found by measuring the number of lepton pairs e*e” or utu “massive
virtual photons™ of the same invariant mass; BUT the individual leptons
from these electromagnetically produced pairs might mask the leptons
from the W=,

This set off a spate of single and di-lepton experiments, notably the
discovery by Lederman et al of “Drell-Yan” production at the BNL-
AGS, E70 at FNAL and CCR at the CERN-ISR.
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Experimental Observation of a Heavy Particle J+

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,
J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C. Ting, and Sau Lan Wu
Labovatory for Nuclear Science and Depavtment of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

and

Y. Y. Lee
Brookhaven National Labovatovy, Upton, New York 11973
(Received 12 November 1974)

We report the observation of a heavy particle J, with mass m =3.1 GeV and width ap-
proximately zero, The observation was made from the reactionp +Be—e*+ ¢~ + x by
measuring the e Y~ mass spectrum with a precise pair spectrometer at the Brookhaven
National Laboratory’s 30-GeV alternating-gradient synchrotron,

This experiment is part of a large program to daily with a thin Al foil. The beam spot size is
study the behavior of timelike photons inp+p —e* 3x6 mm? and is monitored with closed-circuit
+e +x reactions! and to search for new particles television. Figure 1(a) shows the simplified side
which decay into e*e” and pu*pu” pairs. view of one arm of the spectrometer. The two

Discovery of a Narrow Resonance in e* ¢~ Annihilation*

J.-E. Augustin,{ A. M. Boyarski, M. Breidenbach, F, Bulos, J. T. Dakin, G. J. Feldman,
G. E. Fischer, D, Fryberger, G. Hanson, B. Jean-Marie, R. R, Larsen, V, Liith,
H. L. Lynch, D, Lyon, C. C. Morehouse, J. M. Paterson, M, L, Perl,
B. Richter, P, Rapidis, R. F. Schwitters, W. M. Tanenbaum,
and F, Vannuccii
Stanford Linear Accelevator Centev, Stanfovd Univevsity, Stanfovd, California 94305

and

G. 8. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, B. Lulu, F. Pierre,§ G. H. Trilling, J. S. Whitaker,
J. Wiss, and J. E. Zipse
Lawvence Berkeley Labovatory and Deparvitment of Physics, University of California, Bevkeley, California 94720
(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e *e” —hadrons, e*e”, and
possibly u*u= at a center-of-mass energy of 3,105+0.003 GeV, The upper limit to the
full width at half-maximum is 1.3 MeV.
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Now, Back To
Hard-Scattering
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S.M.Berman, J.D.Bjorken and J.B.Kogut, Phys. Rev. D4, 3388 (1971)

® BBK calculated for p+p collisions, the inclusive reaction
A+B —C + X  when particle C has pr>>1GeV/c

The charged partons of DIS must scatter electromagnetically “which may be
viewed as a lower bound on the real cross section at large p;.”

tm2 Secondary Particle Distributions
' For 8 1,.= 90" pp Collision At s=800 Gev?
FINAL - STATE -
INTERACTION
10-33 |- hadron background Ao 60,
dp2
HADRONS - upper Iim.i% to
.« nadron distribution
10-35 - for gluon model
)
@ hadrons from gg
kS = Coulomb scattering
2 .
O
Do hotons from qg —
ac 10-37 |- p Gq )fy_
© feptons from q@-—11
Fic. 1. Kinematics of lepton-nucleon scattering
in the parton model. o-39 L
Wwatle a0 SR Y N T R
O ! 1C 15 20

p. (Gev/c) :
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S.M.Berman, J.D.Bjorken and J.B.Kogut, Phys. Rev. D4, 3388 (1971)

® BBK calculated for p+p collisions, the inclusive reaction
A+B —C + X  when particle C has pr>>1GeV/c

The charged partons of DIS must scatter electromagnetically “which may be
viewed as a lower bound on the real cross section at large p;.”

tm2 Secondary Particle Distributions
' . .. For 8,2 90° pp Collision At 52800 Gev?
FINAL - STATE - o
INTERACTION
10-33 |- hadron background -ggz-'ve" 6oy
de
[ upper limit to
«—hadron distribution
10-35 - for gluon model
o
o hadrons from gg
® o Coulomb scattering
— _
[+}
P -photons from gq —
hU feptons from qg-—11¢
" 0~
IMLEBYCLION
LINVI ~21V1E
Wwatle a0 SR Y N T R
0 5 10 15 20
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¢ BBK propose a General Form for high pr cross
sections, for the EM scattering, which must exist:

o Ara? —1U —
- ) (4)

Edp‘)’ p% f(ib’l: § , L9 — §

O The two factors are a 1/p} term, characteristic of
single photon exchange and a form factor F

O Note that z1 2 are not p;

The point is that F scales, i.e. is only a function

of the ratio of momenta.

O Vector (J = 1) Gluon exchange gives the same form
as Iq. 4 but much larger.

PP =5" Office of Y
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on e 1 F.W.Busser,eral.,
' I CERN, Columbia, Rockefeller
o el i Collaboration
o | Phys. Lett. 46B, 471 (1973)
f o Bj scaling — BBK scaling —
i - { Blankenbecler, Brodsky, Gunion
| i . { Scaling PL 42B, 461 (1972)
4 SR doc 1 _ pr
[ oA TR
e A R e e I dp p;} \/E

B, (Gevkl

* e%PT breaks to a power law at high p; with characteristic Vs dependence

 Large rate indicates that partons interact strongly (>> EM) with other.
Data follow BBK-BBG scaling but with n=8!, not n=4 as expected for QED
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A SCALING OF THE INCLUSIVE n® CROSS SECTION

» AT LARGE TRANSVERSE MOMENTA § d3 1 pT
~t L B - —pdE
ié%ﬁ&ﬁ | dp®  ph (\/5 |

e | X1 =2p1/Vs

g o&s !
$a 41 .
e EE . m 1 n=4 for QED or vector gluon
i\a Cou {T/ h { 1 L n=8 for quark-meson

: scattering by the exchange
i of a quark

CIM-Blankenbecler, Brodsky, Gunion,
Phys.Lett.42B,461(1972)
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Blankenbecler, Brodsky, Gunion, Inclusive Processes at High Transverse Momentum,
Phys. Lett. 42B, 461(1972)

' Inspired by the dramatic features of pion inclusive
reactions revealed by “the recent measurements at CERN
ISR of single-particle inclusive scattering at 90° and large
transverse momentum”, Blankenbecler, Brodsky and Gu-
nion proposc a new general scaling form:

E = —F(

dp*  ph} x/5) o)
' n gives the form of the force-law between constituents
O n =4 for QED or Vector Gluon
Perhaps more importantly, BBG predict n=8 for
the case of quark-meson scattering by the exchange of a
quark, C.I.M., as apparently observed.
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D. Antreasyan, J. Cronin, et al., PRL 38, 112 (1977)

i0”26m I e e = I I To A
E “ (a) § g - (b) "E"
2tl o, PrP=mx] L s p-p=Tex ] oy
O = v"' 3 E 0 = [0
= 0 q 45 F o v "‘C_! e ) (o]
o - o, 3F % - "
N EO‘28m—@° N - L& LN 28 o
b = B\ 3 E - B 510 w
g E (X020 IE  (-x0%2N . 5
L -—29“ - v‘o ini G\v | ['s]
o 107E b OFE " 0?0 g
o) = g i B n\ 3 -
ol - W 3 F vy Q-
EO“BO? v 200 GeV \r__,___ e ¥ 200 GeV — -30
= o 300 Gev SE - 3000y \EO
- ° 400 GeV \: = o 400 GeV s
£O~3{ | | | ; ] ] | | ! f\ |O"3|
o 1.2 . 5 6 .l 2 3 4 5 6 7

X.L*ZP.L/\[S“

Beautiful x scaling at all 3 fixed target energies with n=8
Totally Misleading--Not CIM or QCD but k;
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QCD

R. F. Cahalan, K. A. Geer, J. Kogut and Leonard Susskind, Phys. Rev. D11, 1199 (1975)
“Asymptotic freedom and the “absence” of vector-gluon exchange in wide-angle hadronic
collisions”

O Abstract: The naive, pointlike parton model of Berman, Bjorken and Kogut is generalized to
scale-invariant and asymptotically free field theories. The asymptotically free field generalization is
studied in detail. Although such theories contain vector fields, single vector-gluon exchange contributes
insignificantly to wide-angle hadronic collisions. This follows from (1) the smallness of the invariant
charge at small distances and (2) the breakdown of naive scaling in these theories. These effects should
explain the apparent absence of vector exchange in inclusive and exclusive hadronic collisions at large
momentum transfers observed at Fermilab and at the CERN ISR.

@ An interesting Acknowledgement: ... Two of us (J. K. and L. S. also thank S. Brodsky for
emphasizing to us repeatedly that the present data on wide-angle hadron scattering show no evidence
for vector exchange.

O Nobody’s perfect, they get one thing right! They introduce the “effective index” n(zr,+/s) to
account for ‘scale breaking’:

d3o 1 oPry_ 1 pr
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b H i I 1 i T | 4 ! E J

v E’ T experiner cers 3 CCOR AL.S. Angelis, et al,
X ‘ . ® VE =624 GeV o _
4 ﬁ% Lo o ] Phys Lett. 79B, 505 (1978)
10 ’;-A * VE =307 Gev(«10) © E
: See also A.G. Clark, et al
el ] Phys.Lett 74B, 267 (1978)
PRGN ;
€ ok %, 4 * Agrees with CCR, CCRS (Busser)
$ ¥ o e : data for pr <7 GeV/c.
M N . . .
g ﬁ? ﬁ T A * Disagrees with CCRS fit p. > 7 GeV/c
TR TN N, * New fit is:
: \f \\ ‘ 4 \\ L = 4. i
w,n? \\: \\\ . ;\\\ ' QQ Ed3g/dp3 ~ p%-_ﬁ.lzl:{}.i(l . IT)IE.I:I:U.G
‘ \ S +‘\ 7.5 < pp < 14.0 GeV/c,
o \ S N - ; ¢ i T
= \ N 53.1 < /s < 62.4 GeV
si s & T8 4w w w b w (including all systematic errors).
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.30 .
‘0 1 T T

| QCD: Cahalan, Geer, Kogut, Susskind,
s 1501 ov PRDI11, 1199 (1975)
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}630

= 1 I | i i i I t 1 ; ] i | e
RN ] Athens BNL CERN Syracuse
el S Y J5=624 Gev ] i
SN ; Collaboration,
o2 [ Y s o e ; C.Kourkoumelis, et al
N b ) o Ref 4 7
ol %, o Ret. 5 ] Phys.Lett. 84B, 279 (1979)
R
_ F & E
o : ‘g g :
'3; !034:_ ‘:’ 2: -
0 Fo, ] But n(x;,Vs) agrees
3 - % , T T T T 1 i T
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‘0731’: —T ﬁ m T T T T T T T T T T
[ =23.5 GeVY VS =306 GeV VS = 448 GeV Vs =527 GeV V§ =624 GeV
1032~
C i
3 108 \
o C
o 5 t |
|
5 10‘3‘[ —
oo O g ¢
s ¢ F
W N L
1075 = — |
i | L [: 1 [ S 1 | 1 ] | L | 1 | ] ] [ S S
1 2 3 1 2 3 1 2 3 1 2 3 4
Pl (Gevic)

CCRS PLB33(1974)212; NPB113(1976)189

Data points (e*+e°)/2 lines 10 (;t++m7)/2

*Farrar and Frautschi PRL36(1976)1017 proposed that direct leptons are due to

internal conversion of direct photons with

v/1t~10-20% to e*e” (do/dm~1/m) for

p>1.3 GeV/c. CCRS looks, finds very few events, sets limits excluding this.

95% confidence level upper limits for a particle of mass m, or a mass continuum, which decays
to eTe™ with branching ratio B, at /s = 52.7 GeV/c

Mass B % (pi'li > 1.3 GeV/c) Fraction of single
(GeV/cz) : J; electron signal
(cm )

0.400 5.54 x 10‘33 0.064

0.500 8.37 x 10733 0.104

0.600 1.64 x 10732 0.178
| Office of

: BROOKHFAUEN

@ SClence NATIONAL LABORATORY

U.S. DEPARTMENT OF ENERGY

Oberwolz-August, 2012

p.s. these direct e* are due to semi-leptonic
decay of charm particles not discovered
until 1976, 2 year later: Hinchliffe and
Llewellyn-Smith NPB114(1976)45
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See the classic paper of Fritzsch and Minkowski, PLB 69 (1977) 316-320

y _isolated | g is 8/1
A+B—y +X q;ﬁ “T photons | u/d quark
Compton

; ; / in p+p

q Y Ye
Annihilation :E}:

small-ignore o] g VYq

Analytical formula for y-jet cross section for a photon at p, y. (@nd parton (jet) at pr, Y-

o ) maas(Q”) (14 cosf” 2
— ) F: ? : S ( )
R 1 94(71, Q) Fap(z2, Q°) 342 ) T 1 + cos 0*
, o T (Q?) (1 — cos 0* 2 )
+ Faa(z1, Q) z2 9(22, Q°) 352 2 T 1 — cos0*

(Ye — Ya) et¥e 4 etva
5 T1,2 =TT 5

g(:E)and F,(x) are g and q pdf’s in nucle1 A,B

cos * = tanh
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PbSe PHIZENIX PHENIX PRL94 (2005) 232301

cﬁz e }-{easunl?d - RyB _ o
;.E " — Calculated backeround i o) -1 0'20 /O
L } : 1 4f %
[l 0-10% +H + 1 3F ¢ /+/+
: : ; -_M
05 + — :
: ™t _ o 1 _sepenes®®®
- - 4 6 8 10 12 14
%0 s 1IEI — lls Pr (GeVie)
7 T 7T0 Measured Measured
pr (GeVie) Ry = (fyy/ér%lackgm o
I 2P =" then (pr) = 2/(n—1) x(1.19)=0335
prdpr r 700 | o

0—
Since the the photons from 7° — v+, n — v+ and similar decays are the principal =l

background to direct photon production, the importance of a precise estimate of
this background can not be overstated.
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. Inverse QCD compton Gq-yq QCD angular distributions
q V< isolated ST ST
photons : I ]
Compton s I 1 .
.“h F 1 - .
/ E L 1 .7 aq
g q 33 /1 aq
g ag
q Y E 20— _]
(Lol et g ?
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o4 62 ae. 63 o 00 01 02 03 04 05
cos6, cos &
1.5
1,_,—31E 1.4— P.,.Tmck >1.0 GeV/c
E ® R110 ) B . )
N Cross Section s ars ;g;g(snorwemmed) 'Y/JTO 125 Correlations p-nr,g>6 GeV/c
10732 o R108 1.2+ O Neutral Mesons
E O R806 =~ 1.0t ®Direct Photons
L o b
10‘335— o 1.0+ J § 0.75}F
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®, % ool p44880008
w C A¢%
36 0.4 1 1 1 1 Y
° E gA 6 + + _0'250" 30° 60° 90° 120° 150° 180
L 4 % ¢ + +++ Ag
10737 Jf 0.2 0 o -
2 N + No evidence for bremss. contribution to
C Q 0 o o o
S R ool — % . .| | direct y--same side correlation is zero--
2 ) 6 8 10 12

Pr(Gev/e) Pr(GeV/c) see CMOR NPB327, 541 (1989) for full
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M (e @) Gevic?

FIG.2

Fig. 2. Invariant mass distribution for the observed e*e™ pairs.
The curves represent the shapes of the acceptance, as a func-
tion of the e*e™ invariant mass value, for the Arm 1 and Arm
2 triggers, respectively.
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10732 |
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A.G. Clark et al. [ Electron pair production at the ISR
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V' Hard-scattering was visible both at ISR and FNAL (Fixed Tar-
get) energies by single particle inclusive at large pp > 2-3 GeV/c.

\/ bealing and dimensional arguments for plotting data revealed
the systematics and underlying physics.

\V The theorists had the basic underlying physics correct; but
many (inconvenient) details remained to be worked out, several by
experiment.

kp, the transverse momentum imbalance of outgoing partons
(due to initial state radiation), was discovered by experiment.

k; 1s what made n=4** — n=8
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e In leading order QCD or the Quark-Parton model, the net trans-
verse momentum (pr)pair = V2 X {kr), of a hard-scattering jet-pair,
or a Drell-Yan pair, or a pair of high pp photons, or the v+ Jet pair
for direct photon production is zero. All the above pairs should be
coplanar with the incident beam axis.

e However, early Drell-Yan and inclusive high pp particle studies
showed that k7 was measurable and non-zero.

\ The history of kp is worth reviewing as k¢ was predicted to be
zero by theorists, but was discovered to be non-zero by experimen-
talists. The CCHK experiment M. Della Negra, et al., Nucl. Phys.
B127, 1 (1977)] discovered that back-to-back jets had considerable
out of plane transverse momentum pgyt, and proposed that this was
due to transverse momentum of partons inside a proton.

y  Offi f
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< This was elaborated by Feynman, Field and Fox, [Nucl. Phys.
B128, 1, (1997), Phys Rev. D18, 3320 (1978)| who introduced the
ke phenomenology of a parton in a proton, which they discussed in
terms of ‘Intrinsic transverse momentum’ from confinement which
would be constant as a function of z and Q?, and NLO effects due to
hard gluon emission which would vary with z and Q?, but they used
an constant ‘effective’ ke to ‘explain’ the available measurements.

' A subsequent ISR experiment, CCOR, showed that kp for jet-
palrs was roughly the same as for Drell-Yan and increased similarly
with /s (and pp) i.e. was not constant.

y  Offi f
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14 T T T T T T Idzg

pp—=mw+X gcm =9(Q° T T L T I I I I T T T L
- 10>, - Pp— e X ]
ko /5 =53 GeV (6=90°)

wW=53{r" +7)/2
W=53 70
W=19.4 g0 .
W=19.4 7o
W=19.4 (mr*+nw)/2

O4 0 x @

\
=== A =0,4 (before smear) -
—— A=0.4 (after smear)
=== A=0.6 (ofter smear)

+ A=0.4 no gluons
-8 (after smear)

_?'2.0 3|.D 41._0 ;O 6.0 7.0 8?0 9.0
p, (Gevrc) . P, (Gevrc)
Feynman Field,Fox, PRD18(1978)3320 Owens Reya, Gluck PRD18(1978)1501

Note FFF agrees much better at lower p; due to k; smearing
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H.J. Frisch, et al., PRL 44, 511 (1980) w+p—n* + X

If quark-meson scattering by exchange of a quark dominates
then st should dominate wt* at large p

F 4
0 T 2006 ]
- ] 0 300 GeV7=p ]
" CIM (Ret4) ]
T | | Ref.6

T [ %i__—-—:

e e o0 o
1.0 e ¢

200 GeVp-p >

Collisions \

T

1 1 -

00 40 8
P, (GeV/c)

Statement in PLB637, 58 (2006):“We find that high-p, hadrons are produced by different mechanisms at fixed-target and
collider energies. For pions, higher-twist subprocesses where the pion is produced directly dominate at fixed target
energy,’ is contradicted by this measurement

P>Z&S Office of Wil
O 4 Science BROOKHAVEN Oberwolz-August, 2012 PH:4ENIX M.J. Tannenbaum 31/64

NATIONAL LABORATORY
U.S. DEPARTMI



* The first modern QCD calculation and prediction for high p single
particle inclusive cross sections including non-scaling and 1nitial state
radiation was done in 1978 by J. F. Owens, E. Reya, M.Gluck, PRD
18, 1501 (1978), “Detailed quantum-chromodynamic predictions for
high-p, processes,” and J.F. Owens, J. D. Kimel, PRD 18, 3313
(1978), “Parton-transverse-momentum effects and the quantum-
chromodynamic description of high-p, processes” .

* This work was closely followed and corroborated by Feynman,
Field, Fox PRD 18, 3320 (1978), “Quantum-chromodynamic
approach for the large-transverse-momentum production of particles
and jets.”

* Unfortunately jets in 4;t Calorimeters at ISR energies or lower are

invisible below V3 = E. <25 GeV, which led to considerable
confusion in the period 1980-1982.
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* Incredibly at the famous Snowmass conference in July
1982, many if not most people in the U.S. were skeptical

e.g. MJT Seminar in 1982

COHY L "Beceve
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* The International H

HP conference in Paris, three weeks

later, July 26--31, 1982 changed everything.
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From 1980--1982 most high energy physicists doubted jets existed
because of the famous NAS E; spectrum which showed NO JETS.
This one event from UA2 in 1982 changed everybody’s opinion.

(q)

{b)
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Why I believed 1n Jets:
At the CERN ISR from
1975-1982 two-particle
correlations showed
unambiguously
that high p particles
come from Jets
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CCOR, A L.S.Angelis, et al Phys.Lett. 97B,
163 (1980) PhysicaScripta 19,116 (1979)
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Away side p_,~prA¢ is not constant i.e A =1/py, indicating jets not collinear in azimuth=> k
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CCOR, A L.S.Angelis, et al Phys.Lett. 97B,
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same data (p>7 GeV/c)
7.69x 10 e’ XE ~ pTa/th NZ/<Ztrlg>

10 L n’ PalR TRIGGER
et . B Gevie?

- ngmE
‘\ " T | <z,,;,.>=0.85 measured
a ® e #95PLSI060Y)
g S, . i - *
\m & ) u ‘ ' ' ;an(Z)Ne 6Z
) o } o |
ti\ "o, Yy, N * independent of p,
107 . _ ’ v
" + t f See M. Jacob’s talk Proc. EPS 1979
oy . v b \ Geneva (CERN). p512

* but we did learn something new
ese on this issue in PHENIX at RHIC
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Figure 21 Jet fragmentation functions measured in different processes : v-p interactions (open
triangles, Van der Welde 1979); e “e~ annihilations (solid line, Hanson ¢t al 1975); and pp
collisions (full circles CS, pr < 6 GeV/c, open circles CS, py > 6 GeV/c, full squares CCOR, py
> 5 GeV/e, open squares CCOR, py > 7 GeV/e).
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P. Darriulat, et al, Nucl.Phys. B107 (1976) 429-456
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Figure 19 The slopes b obtained from exponential fits to the jet fragmentation function in the
interval 0.2 <z« 08 in e*e” annihilation (full circles) and LPTH data of the BS
Collaboration {open circles).

Figures from P. Darriulat, ARNPS 30 (1980)
159-210 showing that Jet fragmentation
functions in vp, ete” and pp (CCOR) are the
same with the same dependence of b

A9

(exponential slope) on ““§

V
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38 R.P Feynman et al. [ Large transverse momenta

10’
i prp=h;+h¥+X ﬂl-ﬂﬂ' i
W=104 GaV pylh;}=40 ;

- myt gm
10° k. " et xd

1/N(trig) dN/dz

tering model. The upper figure shows the single-particle (a?} trigger results plotted versus
Ip=—p Lo (20} and the jet tngger plotted versus 7= Py (b p (jet) (see table 1). In the
lower figure, we plot horh versus 21, where for the jet trigger 7y = 2y but for the single-particle
tnigger zy = {2y)2p. The away hadrons are integrated over all rapidity ¥ and 180° — | < 457
and the theory 15 calculated using (kg = 500 MeV. o hy =70, x hy = jer.
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FFF Nucl Phys. B128(1977) 1-65

“There 1s a simple relationship
between experiments done with
single-particle triggers and those
performed with jet triggers. The
only difference in the opposite
side correlation is due to the fact
that the ‘quark’, from which a
single-particle trigger came,
always has a higher p, than the
trigger (by factor 1/z;,). The
away-side correlations for a
single-particle trigger at p, should
be roughly the same as the away
side correlations for a jet trigger at
P, (jet): p, (single particle)/

<7

PI-F>I’{{NIX M. J. Tannenbaum 42/64



* At RHIC we learned that the xg
distribution from a trigger fragment does
not measure the fragmentation function.

For more info, see: M. J. Tannenbaum “Review of hard
scattering and jet analysis”, PoS (CFRNC2006)

cited by Kronfeld and Quigg in “Resource Letter: QCD”
arXiv:1002.5032v2
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e In 1972-73, soon after hard-scattering was discovered in p-p
collisions, Bjorken PRDS8 (1973) 4098 and Willis ISABELLE
Physics Prospects-BNL-17522) proposed 4 hadron calorimeters
to search for jets from fragmentation of scattered partons with
large pr realizing that a substantial increase in rate would be
expected 1n measuring the entire jet at a given p rather than just
the leading fragment. (Bjorken’s parent-child effect)

e It took until 1980 to get a full azimuth An~=0.88 (A®~x45°)
calorimeter but meanwhile experiments were done with smaller
back-to-back calorimeters each with aperture Ad~+45°
An~=0.55 and many new trigger biases were discovered, for
instance, jets wider than the calorimeter aperture would deposit
less energy than narrow jets of the same p and be suppressed by
the steeply falling spectrum=>jet structure is dominated by the
calorimeter geometry [e.g. see M. Dris NII\@ (1979) 89]

Offi f
@ Science BROOKHRUEN Oberwolz-August, 2012 PHE4ENIX M.J. Tannenbaum 44/64

AAAAAAAAAAAAAAAAAAAA



JET AND SINGLE PARTICLE CROSS SECTIONS
(7, p) Be 200 GeV 8,4 = 77 mrad

e In each of 2 back to back
calorimeters with AD~+45°
An~+0.36 (same as PHENIX)
the invariant cross section of
several particles with a vector
sum py 1S much larger than a
single particle of the same p;.
The authors took this as
evidence for the exactly back-
to-back in azimuth jets of
constituent scattering=Never
let an interested theorist
collaborate on an experiment.

100¢
[~ Bias o JET 3
L ? x JET 4 GeV/c Bias
L o s JET 45
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10— JET cross-section
- -—=100 x single particle
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— x
- x
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e s
3 -
Ed’s/d% . o
N \ 13s
pb/(Gev/el [ ¢ !
per nucleon [ ' Wi
ol L] \
. E i \
- 3 \
- \
i { \
Bias \
0.01 — \
C  All charged particle \\ %
[~ cross-section \
[ ® This experiment \
| —— Chicago-Princeton \
0.00I 1 | ! 1 L ] 1
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P, GeV/c
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C.Bromberg et al E260, PRL 38
(1977)1447, NPB134 (1978) 189
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* The first 47t experiment was a bubble chamber(!) 110 GeV/c K- on p
[M. Deutschmann, et al, ABCCLVW collab, NPB155 (1979)307]

Kp — ﬁ]+ X | — G+ X | . .
' ' ' ' ® multiparticle cross
single particle C * o}, + C {1‘.0_59\’14: | .
mutiparticle M = o mlee section for p> 1.5 GeV/c
10} -04 <y’ <06 1 <l ."-\ :': |S! from retie] | > single particle
- gt o1 <y < 0w * Data extrapolate nicely
. . A .
;% or 1 "‘:“*\ , to those of E260 [8] in
+ b ™ ] .
1= ,. o M '\; slope and magnitude.
. L EE |
PR LT | ,,o; or 1 ¢ But " principal axis”
| e " v . analysis of the data shows
' - 10F ] . .
16} : . : « N “the vast majority of
. ! o NN ~events with large
. | \ N T
| , - . .
: t \, \.\ multiparticle systems DO
10k E 1@2 4 eq o e .
\-\ NOT exhibit jet-like
T T T & . . . . structure.”
(Gevic] ° ' 2 ? ‘ K
e p [Gevrcl
IC6), 9ffics of BROOKHEVEN HEZEN
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 Full azimuth calorimeter -0.88<1n*<0.67 (— NA35, NA49)

op 300 GeV * plus triggered in two smaller apertures

ol 1 corresponding to E260.
e(® 40=2n

<00 se-n | * No jets in full azimuth data
o) A®:=TYh

se g 3 | ®All data way above QCD predictions--------

~0.88<y< 067

‘0‘27 -

107281

E * The large E; observed is the result of
§ w2 N “a large number of particles with a
=t % rather small transverse momentum”--the

100 ' | first E; measurement in the present

. . terminology.
107 b ’Q’ ]
iRy ) K. Pretzl, Proc 20th ICHEP (1980)
1072 ‘\% \ | \\ *{ 1| C. DeMarzo et al NA5, PLB112(1982)173
\\ \\ \ ?
ol il [;o ‘];2 i~ | For more on E see MIT IIMPA 4 (1989)3377
Ey [Gev
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From 1980--1982 most high energy physicists doubted jets existed
because of the famous NAS E; spectrum which showed NO JETS.
This one event from UA2 in 1982 changed everybody’s opinion.

(q)

{b)

PP =S Office of PRy
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o E; Central calorimetry
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—— Charged multiplicity
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-=-= Effect of increase of <p.>
vs multiplicity and smearing
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UA1 (1982) Paris-withdrawn (C.Rubbia) Vs=540 GeV.

No Jets because E; is like multiplicity (n), composed of
many soft particles near <p> !

CERN-EP-82/122.
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A Science
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OOPS UA2 discovers jets
~5-6 orders of magnitude
down in E; distribution!
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QCD

Cross Section in p-p collisions c.m. energy /s

The overall p-p reaction cross section
is the sum over constituent reactions
a+b—c+d
fA(zy), fB(zy), are structure functions, the differential probabilities
for constituents a and b to carry momentum fractions z; and zs
of their respective protons, e.g. u(x1),

d3o A B WQE(QQ) " *
dx1dzod cos 6% ;aZf (21)fy (z2) 21 Zo 2% (cos 0)

>%(cos 0*), the characteristic subprocess angular distributions
and o(Q%) = 5 (15”5 757y are predicted by QCD
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>%(cos 0*), the characteristic subprocess angular distributions
and a5(Q%) = 5+ (1622"3 757y are predicted by QCD
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DATA: CCOR NPB 209, 284 (1982)
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and a,(Q?) = W are predicted by QCD
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Figure 10 (a) Distribution of cos 8* for hard parton scattering as measured in the UA1 experiment (42). T
normalization is defined by sctting the value at cos 0* = 0 equal to 1. (b) Distribution of cos 0* for ha

parton scattering as measured in the UA?2 experiment (43). All the different QCD processes (except for
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overall QCD prediction, normalized to the data.

see L. D1 Lella ARNPS 35 (1985) 107--134
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QCD really works CCOR pp follows qq,
UAI1 p-pbar follows g-gbar

3] 1553 EEEE 8105750 ER A HER1 L TR i EEED R AR
T 1 + B l' £33 151 8 1. 1

plot I made in 1983

] : n»O-Y , . 1.0

- ‘v
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The measured crosssection is in agreement with NLO pQCD predictions after the necessary nonperturbatlve
parton-to-hadron corrections are taken into account. i.e. Make sure to read the fine print!

A. Abulencia, et al, CDF PRL 96 (2006) 122001-k algorithm

Office of
@ iamoe BROOKHFAUEN Oberwolz-August, 2012 Pl‘F)K_EN IX M.J. Tannenbaum 56/64

d Science NATIONAL LABORATORY

U.S. DEPARTMENT OF ENERGY



PHENIX PRL91 (2003) 241803
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direct-single-e from
¢ and b quark decays

‘ In p-p collisions, since 1978, NLO pQCD agrees very well with all measurements.
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STAR PRL97 (2006) 252001 CMS PRL107 (2011) 132001
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Again agree very well with NLO pQCD in p-p collisions. But, I have known that
QCD worked for hard scattering since 1978. What I learn from the CMS plot is
that partons are pointlike up to Q*~t=2p,> = 2,000,000 GeV?i.e.r<<1.4 x 10 fm!!
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Eliminating the nt® background by going to 0.2<m_.<0.3 GeV enables direct y signal to be
measured for 1<p; <3 GeV/c in Au+Au. It is exponential, does that mean it is thermal. We
must see whether p-p direct y turns over as p; —0 as in Drell-Yan or exponential like for x
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Lowest p direct y ever measured in
p-p (and Au+Au). Curves are pQCD
extrapolated (W.Vogelsang)

This is a major discovery, p-p result turns over as

o]

Ed®N/dp*GeV-2c?) or Ed’s/dp? (m

pr—0, follows the same function B(1+p*/b)™ used

in Drell Yan [Ito, et al, PRD23, 604 (1981)] .

Fit to Au+Au is [A /T +(T,,) B, (1+p;2/b, )],

Significance of exponential (thermal?) is > 3 ©.
Temperature of medium is > fitted 7(MeV)
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G. Giacomelli and M. Jacob, Phys. Rept. 55 (1979) 1-132
M. Jacob and K. Johnsen, CERN Yellow Report 84-13

® The rapidity plateau. (Not discussed in this talk. )

® Hard scattering in p-p collisions via particle production at large p which proved
that the partons of DIS strongly interacted with each other. x; scaling measurements
to find the underlying physics.

e direct lepton (e*) production from the decay of (unknown at that time-1974)
particles composed of b and ¢ quarks.

e first and only J/Psi cross section measurement for all pair p; = O at a hadron

collider, until PHENIX at RHIC [PRL 92 (2004) 051802] and CDF [PRD

71(2005) 032001 (15 years after their first publication)]

e direct photon production

Proof using same-side and away side two particle correlations that high p

particles in p-p collisions are produced from states with two roughly back-to-back
jets which are the result of scattering of constituents of the nucleons as described
by QCD, which was developed during the course of these measurements.
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